A coastal forecasting system was implemented to provide wind wave forecasts over the whole Mediterranean Sea area, and with the added capability to focus on selected coastal areas. The goal of the system was to achieve a representation of the small-scale coastal processes influencing the propagation of waves towards the coasts. The system was based on a chain of nested wave models and adopted the WAve Model (WAM) to analyse the large-scale, deep-sea propagation of waves; and the Simulating WAves Nearshore (SWAN) to simulate waves in key coastal areas. Regional intermediate-scale WAM grids were introduced to bridge the gap between the large-scale and each coastal area. Even applying two consecutive nestings (Mediterranean grid → regional grid → coastal grid), a very high resolution was still required for the large scale WAM implementation in order to get a final resolution of about 400 m on the shores. In this study three regional areas in the Tyrrhenian Sea were selected, with a single coastal area embedded in each of them. The number of regional and coastal grids in the system could easily be modified without significantly affecting the efficiency of the system. The coastal system was tested in three Italian coastal regions in order to optimize the numerical parameters and to check the results in orographically complex zones for which wave records were available. Fifteen storm events in the period 2004-2009 were considered.
Introduction
The nature of the generation of wind waves and their propagation in time and space has been thoroughly investigated over recent decades. Although the understanding of the problem is still incomplete, the physical description of the spatial and temporal evolution of the wave spectra subject to the interactions with the atmosphere, sea currents and the sea bed is, today, a successful and established theory. As illustrated by Lavrenov (2003) and Janssen (2004) , our knowledge of the interactions between atmosphere and ocean has significantly improved since the seminal papers of Phillips (1957) and Miles (1957) . In particular, the use of the kinetic equation to describe the evolution of the wave spectrum (Komen et al., 1984) paved the way for the development of modern numerical methods for simulating the dynamics of wind waves. Over the last 30 years, wave modeling has been increasingly used in a variety of applications, from ocean forecasting to wave energy production and coastal management. A full discussion of the subject would be totally beyond the scope of the present work, but thorough accounts of the state of the art and the prospects for improvement of wave models can be found in Holthuijsen (2007) , the WISE Group (2007) and Komen et al. (1994) . Like many other geophysical phenomena, waves can be studied on very different space and temporal time scales (we refer to Sect. 1.7, Lavrenov, 2003 , for a discussion of the relevant spatial and temporal scales for the physical processes associated with wind-waves). Ocean storms belong to large scales and are mainly related to the processes of wind momentum transfer, nonlinear transfer, current refraction and turbulent dissipation of energy. As waves move toward the shoreline other, physical processes become important, viz. refraction induced by sudden variations in depth (or by coastal currents) and shoaling. Since the forcings now become increasingly dependent on regional currents and local variations in bathymetry, the scale of the problem becomes smaller. In most situations the two types of waves can still be analyzed within the framework of the same theory. As a result, a third generation wave model like WAM, which efficiently solves the kinetic equation and the source functions in order to give global and regional forecasts, can
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be combined with other models like SWAN that are more oriented towards propagation on the coastal scale. We refer to Komen et al. (1994) and Janssen (2008) for a complete description of WAM, and to Booij et al. (1999) and The SWAN Team (1993) for information on SWAN. Given recent advances in the availability of computer power, it has become feasible to use chains of numerical models in order to connect the wave propagation from the large to the regional/coastal scales. The resulting system might provide not only large-scale wave forecasts based on synoptic-scale wind and satellite data assimilation, but also a realistic ongoing description of the coastal processes in smaller regional areas. Studies focused on waves in the Mediterranean Sea (Bertotti and Cavaleri, 2009; Cavaleri and Sclavo, 2006; Bertotti and Cavaleri, 2006; Komen et al., 1994) are in agreement, arguing that due to the small scale geographical features of the region, wave numerical forecasts can only be accurate when waves and surface winds are defined with a resolution finer than 1/3 of a degree at the minimum. On the other hand, as Bertotti and Cavaleri (2009) observed, improved resolution (in the meteorological model) does not automatically mean improved accuracy (in wind and wave forecasting), especially when the increase in wind resolution is obtained by the use of limited area models. A dimensional analysis of the spectral energy density in the case of fixed fetch can be used to estimate the relative error in significant wave height (H s ) in terms of relative error in wind speed (U ) (Polnikov et al., 2008) as
Consequently, in deep waters the accuracy of wave forecasts is largely dependent on the accuracy of the wind fields at the surface, which, in turn, is not simply dependent upon the resolution of the meteorological model. In coastal areas, the spatial resolution of the wave model should instead be sufficiently high to take into account the refraction due to spatial variations in currents and bathymetry. In the present study a resolution of 1/240 degrees in the coastal areas was considered adequate. The resolution of the Mediterranean scale model and the regional intermediate models was chosen so as to have nesting scale ratios between two and four.
The Mediterranean coastal forecasting system
The Mediterranean Coastal Forecasting System (MCFS) is part of an integrated system of measurement networks and numerical modeling tools aimed at the monitoring of marine and coastal processes. Besides numerical waves prediction, the Italian Institute for Environmental Research and Protection (ISPRA) runs two real-time national marine networks: the National Waves Network (RON), and the National Tidegauges Network (RMN). The RON operates 15 deep water directional wave buoys, while the RMN manages 34 coastal stations equipped with meteorological instruments and tide gauges. For operational forecasts, the ISPRA Hydro-Marine and Meteorological Forecasting System (SIMM) provides short term (2 days) meteorological forecasts for the Mediterranean Sea area with 0.1/0.1 degrees Lat./Lon. resolution. The meteorological model used is the BOlogna Limited Area Model, or BOLAM (Lagouvardos et al., 2003; Buzzi et al., 1994) . The SIMM has been operational since 2000 and underwent an upgrade of its meteorological modules in 2010 and 2011. Mediterranean Sea scale MCFS simulations are obtained by running the WAM model forced by the 3-hr time step wind field produced by BOLAM. The same wind field, at 0.1/0.1 deg. resolution, is also used for the regional and coastal areas. The wind fields are interpolated on the different grids by means of a remapping procedure in order to limit the smoothing due to bilinear interpolation (Accadia et al., 2002) . The aim of the MCFS is not only to provide shortterm wave forecasts, but also to determine wave climates in shallow water so as to be able evaluate the effects of significant storms on coastal areas. The system first connects the global Mediterranean scale to the regional scale with a smooth nesting (nesting scale factor 1/2), then in the regional areas it zooms on the local/coastal scale with a nesting scale factor 1/4. The large-scale part of the MCFS is based on the WAM cycle 4.5 model running over the entire Mediterranean Sea at a resolution of 1/30 degree. In some selected areas, regional scale WAM implementations (at approx. 1/60 degree resolution) are nested in the large scale-grid. The computations carried out at this level use the deep-water version of WAM. Finally, the coastal models are nested inside each regional grid. The coastal implementation is based on the SWAN cycle 2 (40.72), running at a resolution of 1/240 degrees. The coastal implementation, in the current stage of development of the MCFS, does not take into account refraction by currents and diffraction by the topography. The The separation between the two parts of the wave energy spectrum in WAM was calculated using a dynamic threshold based on the wave age, as described in ECMWF (2009). 
Ligurian Sea
The positions of the regional (WAM) and coastal (SWAN) grids in the Ligurian Sea are shown in Fig.2 . The buoy used for the comparison is close to the Port of Marina di Carrara; its position, at a mooring depth of 13.5 m, is shown in Fig.3 .
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The bathymetry of the area shows a sharp gradient near the regional areas considered in the present study are located in the Ligurian Sea, the Central Tyrrhenian Sea and the Southern Tyrrhenian Sea. The areas were selected to include both one available shallow-water buoy (in a range of 10-50 m depth) and a meteorological station. The bathymetry of the Mediterranean Sea was interpolated from the General Bathymetric Chart of the Ocean, the GEBCO-08, 30 arc-second grid dataset. In the regional areas the GEBCO-08 and the Hydrological Institute of the Italian Navy (IIM) regional marine coastal charts were merged. In coastal areas, where available, small-scale bathymetric data were added. In SWAN, simulations of the bottom dissipation effects were calculated using a constant friction coefficient depending on the prevailing wind sea or swell conditions. Triad wave-wave interactions were considered by means of the Lumped Triad Approximation.The saturation-based whitecapping scheme (Van der Westhuysen, 2007) was chosen for wind input and whitecapping dissipation processes. In this formulation the dissipation term is directly related to the process of wave breaking and depends on quantities that are local (i.e. not integrated on the whole spectrum) in the frequency spectrum, differing in this respect from the Komen et al. (1984) formulation. The wind input source term was adapted from the formulation proposed by Yan for wind growth (The SWAN Team, 1993; Van der Westhuysen, 2007) .
Results
The MCFS system was applied to three coastal areas in the Ligurian, the Central and the Southern Tyrrhenian Sea, which were known to be affected by severe storms (Franco et al., 2004) , as shown in Fig. 1 . In each area, five events were selected according to the availability of nearshore buoy data and on the severity of the storms. The lists of events for each coastal zone are reported respectively in Tables 1, 2 and 3. The comparisons between recorded buoy and hindcast H s bathymetric data were added. In the SWAN simulations the bottom dissipation effects were calculated using a constant friction coefficient depending on the prevailing wind sea or swell conditions. Triad wave-wave interactions were considered by means of the Lumped Triad Approximation.The saturation-based whitecapping scheme (Van der Westhuysen, 2007) was chosen for wind input and whitecapping dissipation processes. In this formulation the dissipation term is directly related to the process of wave breaking and depends on quantities that are local (i.e. not integrated on the whole spectrum) in the frequency spectrum, differing in this respect from the citetkom84 formulation. The wind input source term was adapted from the formulation proposed by Yan for wind growth (The SWAN Team, 1993; Van der Westhuysen, 2007) .
The MCFS system was applied to three coastal areas in the Ligurian, the Central and the Southern Tyrrhenian Sea which were known to be affected by severe storms (Franco et al., 2004) , as shown in Fig.1 . In each area, five events were selected according to the availability of nearshore buoy data and on the severity of the storms. The lists of events for each coastal zone are reported respectively in Tab.1, Tab.2, Tab.3. The comparisons between recorded buoy and hindcast H s data are shown for each event in terms of the standard statistical operators: Bias, Mean Absolute Error (MAE), Mean Square Error (MSE) and correlation coefficient. The comparisons between simulated and buoy H s and peak period (T p ) for all 5 events in each coastal area are illustrated by means of scatter diagrams. For each coastal area a single significant event is also described in terms of comparison of measured vs. hindcast (SWAN) time series of H s , T p , and mean wave direction (Dir). A representation of the regionalscale (WAM) contribution to the hindcast total sea in terms of swell and wind sea at the buoy position is also included.
(red boxes) in the Ligurian Sea. The separation between the two parts of the wave energy spectrum in WAM was calculated using a dynamic threshold based on the wave age, as described in ECMWF (2009). 
Ligurian Sea
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The bathymetry of the area shows a sharp gradient near the data are shown for each event in terms of the standard statistical operators: bias, mean absolute error (MAE), mean square error (MSE) and correlation coefficient. The comparisons between simulated and buoy H s and peak period (T p ) for the hourly sea states of all 5 storms in each coastal area are illustrated by means of scatter diagrams. For each coastal area a single significant event is also described in terms of comparison of measured vs. hindcast (SWAN) time series of H s , T p , and mean wave direction (Dir). A representation of the regional-scale (WAM) contribution to the hindcast total sea in terms of swell and wind sea at the buoy position is also included. The separation between the two parts of the wave energy spectrum in WAM was calculated using a dynamic threshold based on the wave age, as described in ECMWF (2009).
Ligurian Sea
The positions of the regional (WAM) and coastal (SWAN) grids in the Ligurian Sea are shown in Fig. 2 . The buoy used for the comparison is close to the Port of Marina di Carrara; its position, at a mooring depth of 13.5 m, is shown in Fig. 3 . The bathymetry of the area shows a sharp gradient near the western side of the coastal grid. Inside the coastal grid the isobaths are almost parallel and the slopes decrease gently towards the shore. The statistical analysis of the comparisons between buoy data and numerical simulations are shown in Table 1 for each of the 5 events.
Generally, coastal implementations are better correlated with buoy data and have smaller BIAS than the regional model in shallow waters. The 21-30 March storm event is Table 1. an exception, because during this period there was a distinct secondary maximum of H s (not shown), which was not correctly predicted by the wave forecast. RMN wind records on the coast nearby indicate that this second peak was due to a rapid increase in wind velocity that was not correctly simulated by the meteorological model. The comparison between observations and coastal simulations of H s for all the 5 episodes considered in the area is shown in Fig. 4 . secondary maximum of H s (not shown), which was not correctly predicted by the wave forecast. RMN wind records on the coast nearby indicate that this second peak was due to a rapid increase in wind velocity that was not correctly simulated by the meteorological model. The comparison be-220 tween observations and coastal simulations of H s for all the 5 episodes considered in the area is shown in Fig.4 The overall correspondence is satisfactory, in particular in the range of the highest waves. Many of the underpredicted sea states, such as those which form a cloud on the lower 225 right side of the diagram, correspond to incorrect wind forecasts. The analysis of the scatterplot suggests that the slope of the regression line in Fig.4 might be related to a tendency of the forecasting system to set the beginning of storm events too early. The scatter diagram of buoy vs. simulated peak 230 period (T p ) at Carrara is shown in Fig. 5 . In all the considered events (see also Fig.6b ) the observed T p is clearly overpredicted by the model, even exceeding 2 seconds during the 4-8 December 2008 storm. Since it is known that SWAN typically tends to underpredict T p (Van der Westhuy- storm dynamics was accurate to only a limited degree. Given that the model T p was bigger than the measured one, a possible explanation for the result is that at the regional scale the contribution of the swell to the total wave energy is dominant 240 compared to that of the local wind-sea. The analysis of the WAM results at the buoy position in terms of the swell contribution to the total sea (see Fig6d) seems to support this conjecture. The Ligurian Sea is an area of active secondary cyclogenesys, where small (400-500 km typical radius), rapid 245 storms develop due to the proximity of the Alpine mountain ranges (Lionello et al., 2006) . If the meteorological model fails to reproduce the quick changes in wind direction asso- Table 1 The overall correspondence is satisfactory, in particular in the range of the highest waves. Many of the underpredicted sea states, such as those which form a cloud on the lower right side of the diagram, correspond to incorrect wind forecasts. The analysis of the scatterplot suggests that the slope of the regression line in Fig. 4 might be related to a tendency of the forecasting system to set the beginning of storm events too early. The scatter diagram of buoy vs. simulated peak period (T p ) at Carrara is shown in Fig. 5 . In all the considered events (see also Fig. 6c ), the observed T p is clearly overpredicted by the model, even exceeding 2 s during the 4-8 December 2008 storm. Since it is known that SWAN typically tends to underpredict T p (Van der Westhuysen, 2006), the above results suggest that the reproduction of storm dynamics was accurate only to a limited degree.
Given that the model T p was bigger than the measured one, a possible explanation for the result is that at the regional scale the contribution of the swell to the total wave energy is dominant compared to that of the local wind-sea. The analysis of the WAM results at the buoy position in terms of the swell contribution to the total sea (see Fig. 6d ) seems to support this conjecture. The Ligurian Sea is an area of active secondary cyclogenesis, where small (400-500 km typical radius), rapid storms develop due to the proximity of the Alpine mountain ranges (Lionello et al., 2006) . If the meteorological model fails to reproduce the quick changes in wind direction associated with a small storm, the wave model incorrectly predicts both the wave age and the direction of the waves. This, in turn, could explain the presence of the dominant swell contribution. ted with a small storm, hence the wave model incorrectly dicts both the wave age and the direction of the waves. is, in turn, could explain the presence of the dominant ell contribution.
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Central Tyrrhenian Sea
e positions of the regional and coastal grids in the Central rhenian Sea region are shown in Fig. 7 . The buoy used for comparison is located near Civitavecchia on 35 m water th (Fig.8) . t Civitavecchia location all statistics (see Tab. 2) improve en passing from the regional to the coastal scale implentations, with the exception of the 1-15 June 2002 storm, which SWAN overpredicts H s during the peak of the rm (by 25%). During two of the episodes considered Aug.-04 Sept. 2001 and 2-11 Nov. 2001) the main wave ection was steadily northeastward and the agreement with asurements was good for the entire duration of the storm. ring the last storm, 2-7 Feb. 2003, (Figg.11a,11b,11c) , a Fig. 7 . Position of the regional grid (black boxes) and coastal gr (red boxes) in the Central Tyrrhenian Sea. 
The positions of the regional and coastal grids in the Central Tyrrhenian Sea region are shown in Fig. 7 . The buoy used for the comparison is located near Civitavecchia on 35 m water depth (Fig. 8) .
At Civitavecchia location, all statistics (see Table 2 ) improve when passing from the regional to the coastal scale implementations, with the exception of the 1-15 June 2002 storm, for which SWAN overpredicts H s during the peak of the storm (by 25 %).
During two of the episodes considered (27 August-4 September 2001 and 2-11 November 2001), the main wave direction was steadily northeastward and the agreement with measurements was good for the entire duration of the storm. During the last storm, 2-7 February 2003, (Fig. 11a, b and c), a 180 deg. rotation of the wave direction preceeded the storm, while during the peak the direction was steady from the south west. Even though the comparisons between forecasted and recorded wind speed at Civitavecchia (not shown) were in reasonable agreement, the peak of the storm was This, in turn, could explain the presence of the dominant swell contribution.
The positions of the regional and coastal grids in the Central Tyrrhenian Sea region are shown in Fig. 7 . The buoy used for 255 the comparison is located near Civitavecchia on 35 m water depth (Fig.8) .
At Civitavecchia location all statistics (see Tab. 2) improve when passing from the regional to the coastal scale implementations, with the exception of the 1-15 June 2002 storm, 260 for which SWAN overpredicts H s during the peak of the storm (by 25%). During two of the episodes considered (27 Aug.-04 Sept. 2001 and 2-11 Nov. 2001) the main wave direction was steadily northeastward and the agreement with measurements was good for the entire duration of the storm.
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During the last storm, 2-7 Feb. 2003, (Figg.11a,11b,11c) , a 180 deg. rotation of the wave direction preceeded the storm, while during the peak the direction was steady from the South West. Even though the comparison between forecasted and recorded wind speed at Civitavecchia (not shown) were 270 in reasonable agreement, the peak of the storm was overestimated by the model. Fig.11d indicates that the initial part of Fig. 7 . Position of the regional grid (black boxes) and coastal grid (red boxes) in the Central Tyrrhenian Sea.
the simulated storm was due to local wind generation. On the contrary, since the comparison between recorded and simulated peak period (Fig.11b) shows that in the growth stage 275 of the storm the buoy T p was bigger than the SWAN results, it is resonable to assume that in the real storm there was an important contribution of the swell. The results seem to indicate that the model apparently failed to follow the rotation of Figure 11d indicates that the initial part of the simulated storm was due to local wind generation. On the contrary, since the comparison between recorded and simulated peak period (Fig. 11b) shows that in the growth stage of the storm the buoy T p was bigger than the 6 TEXT: TEXT it is resonable to assume that in the real storm there was an important contribution of the swell. The results seem to indicate that the model apparently failed to follow the rotation of the wind at the beginning of the storm, possibly because of of the picture, showing situations of definite underprediction, corresponds to an episode in which the beginning of the storm was incorrectly predicted by the meteorological forecast. In the case of Civitavecchia, too, a slight tendency to overprediction of the peak period can be observed (Fig.10) .
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The points on the right, lower part of the T p scatterplot, which correspond to the first part of the time series shown in Fig.11b , refer to a situation of calm sea (H s <0.3m), and hence are not related to wind waves. it is resonable to assume that in the real storm there was an important contribution of the swell. The results seem to indicate that the model apparently failed to follow the rotation of the wind at the beginning of the storm, possibly because of 280 the relatively large time step (3 hours) of the wind input. The scatterplot of observed vs. simulated H s is shown in Fig.9 . A slight tendency towards overprediction by the MCFS, indicated by the position of the maxima in the upper side of of the picture, showing situations of definite underprediction, corresponds to an episode in which the beginning of the storm was incorrectly predicted by the meteorological forecast. In the case of Civitavecchia, too, a slight tendency to overprediction of the peak period can be observed (Fig.10) .
The points on the right, lower part of the T p scatterplot, which correspond to the first part of the time series shown in Fig.11b , refer to a situation of calm sea (H s <0.3m), and hence are not related to wind waves. Table 2. SWAN results, it is resonable to assume that in the real storm there was an important contribution of the swell. The results seem to indicate that the model apparently failed to follow the rotation of the wind at the beginning of the storm, possibly because of the relatively large time step (3 h) of the wind input. The scatterplot of observed vs. simulated H s is shown in Fig. 9 . A slight tendency towards overprediction by the MCFS, indicated by the position of the maxima in the upper side of the plot, is observable. The cluster of points on the right of the picture, showing situations of definite underprediction, corresponds to an episode in which the beginning of the storm was incorrectly predicted by the meteorological forecast. In the case of Civitavecchia, too, a 12. Position of the regional grid (black boxes) and coastal grid boxes) in the Southern Tyrrhenian Sea. slight tendency to overprediction of the peak period can be observed (Fig. 10) . The points on the right, lower part of the T p scatterplot, which correspond to the first part of the time series shown in Fig. 11c , refer to a situation of calm sea (H s < 0.3 m), and hence are not related to wind waves.
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Southern Tyrrhenian Sea
The grids considered in the Southern Tyrrhenian Sea are indicated in Fig. 12 . In Fig. 13 the bathymetry and position of the buoy, moored at 50 m depth near Tropea are shown. The statistics of the five case studies are shown in Table 3 .
In all the considered events, there is a substantial improvement for BIAS, MSE and MAE when passing from the regional to the coastal grid. The comparison between the H s recorded at Tropea and the MCFS simulations are shown in Fig. 14 for all 5 episodes. There is an overall correspondence between observations and forecasts, which is also visible in the comparison of the time series for the 5-13 October 2003 event (Fig. 16a) . The peak periods in Fig. 16c are scattered, but there is no apparent systematic overprediction. 
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The grids considered in the Southern Tyrrhenian Sea are indicated in Fig.12 . In Fig.13 are shown bathymetry and position (Fig.16a) . The peak 
Conclusions
This study presents the results of 15 key-studies (5 events for each of the three different coastal areas) selected in order to determine the reliability of a high-resolution coastal wave forecasting system (MCFS) in the Ligurian, the Central Tyrrhenian and the Southern Tyrrhenian Sea. Although the selected set of episodes does not represent all possible situations, we can conclude that when the meteorological forecasts were accurate, the MCFS was able to give satisfactory results in complex coastal areas with water depths between 13 and 50 m. In shallow water the coastal model gave better uations, we can conclude that when the meteorological forecasts were accurate the MCFS was able to give satisfactory results in complex coastal areas with depths between 13 and 50 m. In shallow water the coastal model gave better results than the regional model, mostly due to a more accu-320 rate representation of the bathymetry. This was gratifying as the primary benefit of the use of the coastal model is that it should realistically reproduce the effect of shoaling and define more accurately the surf zones. It was observed that the scheme for wind input/whitecapping (Van der Westhyuisen, 325 2007), recently introduced into SWAN, performed well in finite and shallow water depth. On the other hand, since the wind input/whitecapping dissipation scheme is very effective in transforming local wind stress into wind wave growth, when the forecasts provide an excessive wind speed in the 330 regional and coastal areas this can result in a neat overpre- Table 3 .
results than the regional model, mostly due to a more accurate representation of the bathymetry. This was gratifying as the primary benefit of the use of the coastal model is that it should realistically reproduce the effect of shoaling and define more accurately the surf zones. It was observed that the scheme for wind input/whitecapping (Van der Westhyuisen, 2007) , recently introduced into SWAN, performed well in finite and shallow water depth. On the other hand, since the wind input/whitecapping dissipation scheme is very effective in transforming local wind stress into wind wave growth, when the forecasts provide an excessive wind speed in the regional and coastal areas, this can result in a neat overprediction of the peak of the storm. The degree of accuracy of the wind field was the main limit found in the case studies. While the results were satisfactory in the Southern Tyrrhenian Sea, in the Ligurian and in the Central Tyrrhenian Sea, some minor events were missed and the T p was often overpredicted. In order to deal with rapidly moving storms in the Northern Tyrrhenian and in the Ligurian Sea where the direction of the wind rotates and storms develop in a matter of hours, some benefit can be expected from an enhanced resolution of the wind field generated by the LAM. In order to give a better response in the simulation of the turning of the wind, an hourly wind input appears necessary.
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